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ABSTRACT
Radial migration is defined as the change in guiding centre radius of stars and gas
caused by gains or losses of angular momentum that result from gravitational interac-
tion with non-axisymmetric structure. This has been shown to have significant impact
on the metallicity distribution in galactic discs, and therefore affects the interpretation
of Galactic archeology. We use a simulation of a Milky Way-sized galaxy to examine
the effect of radial migration on the star and gas radial metallicity distribution. We
find that both the star and gas component show significant radial migration. The
stellar radial metallicity gradient remains almost unchanged but the radial metallic-
ity distribution of the stars is broadened to produce a greater dispersion at all radii.
However, the metallicity dispersion of the gas remains narrow. We find that the main
drivers of the gas metallicity distribution evolution are metal enrichment and mixing:
more efficient metal enrichment in the inner region maintains a negative slope in the
radial metallicity distribution, and the metal mixing ensures the tight relationship of
the gas metallicity with the radius. The metallicity distribution function reproduces
the trend in the age-metallicity relation found from observations for stars younger
than 1.0 Gyr in the Milky Way.
Key words: galaxies: evolution - galaxies: kinematics and dynamics - galaxies: spiral
- galaxies: structure
1 INTRODUCTION
The aim of Galactic archeology is to determine the for-
mation history and evolution of the Milky Way by study-
ing the metallicity and kinematic information of individ-
ual stars (see Rix & Bovy 2013, for a review). This has
spurred a number of Galactic surveys aimed at collecting
this information for large samples of stars. Recent surveys
include SEGUE (Yanny et al. 2009; Lee et al. 2011), RAVE
(Steinmetz et al. 2006) and APOGEE (Allende Prieto et al.
2008), which together will obtain chemo-kinematical infor-
mation for hundreds of thousands of stars within a few
kiloparsecs of the solar neighbourhood. In the near fu-
ture, projects such as 4MOST (de Jong 2012), LAMOST
(Chen et al. 2012), Gaia-ESO (Gilmore et al. 2012) and
Gaia (Lindegren et al. 2008) will provide chemo-kinematical
data of millions of disc stars that cover a large portion of
the Galactic disc.
The principle behind Galactic archeology is that the
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chemical abundances of a star are indicative of its age and
origin. Chemical elements that are synthesised inside stars
are distributed and mixed into the interstellar medium in
the form of supernova ejecta. New generations of stars that
form out of the chemically evolved gas effectively lock up
these elements. Therefore the abundances of metals depend
on the amount of preceding star formation, which is in turn
tied to the age and location of birth of stars. This valu-
able chemical tag (Freeman & Bland-Hawthorn 2002) can
be combined with kinematic information of stars in order to
identify the origin of different stellar populations and con-
strain the assembly history of the Milky Way.
Complications for Galactic archeology arise especially
in systems with non-axisymmetric structures such as stellar
bars and spiral arms, which cause stars to move away from
their birth radii through the process known as radial mi-
gration (Lynden-Bell & Kalnajs 1972). Sellwood & Binney
(2002) showed that radial migration can occur around
the co-rotation radii of spiral arms where stars can gain
and lose angular momentum without changing their ran-
dom energy component. Because the stars rotate at the
same speed as the spiral arm at co-rotation, the stars
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feel a continuous gravitational torque from the spiral arm,
which leads to significant changes in the angular momen-
tum, and therefore guiding centre, of the stars. In recent
years, several variations of the radial migration mechanism
have been proposed, such as bar induced migration (e.g.
Brunetti et al. 2011; Solway et al. 2012), multiple bar/spiral
modes (e.g. Minchev & Quillen 2006; Rosˇkar et al. 2008,
2012; Minchev et al. 2012; Comparetta & Quillen 2012),
satellite induced migration (Bird et al. 2012) and co-
rotating spiral arms that cause radial migration at every ra-
dius along the spiral arm (Grand et al. 2012a,b; Baba et al.
2013; Grand et al. 2014). In the last mechanism, the rotation
speed of the spiral arm follows that of the disc mean rota-
tion velocity, therefore stars feel a continuous gravitational
force from the spiral arm at all radii during their migration.
This can produce significant changes in the guiding centres
of individual stars and hence streaming motions along the
spiral arms, the features of which may be detectable in phase
space (Kawata et al. 2014).
Radial migration has been highlighted in several studies
as causing significant and lasting changes in the metal-
licity distribution in the disc (Sellwood & Binney 2002;
Le´pine et al. 2003; Scho¨nrich & Binney 2009). In particular,
radial migration may influence the evolution of the radial
metallicity gradient and cause an increased scatter in the
metallicity distribution function (e.g. Chiappini et al.
2003; Asplund et al. 2009; Sa´nchez-Bla´zquez et al.
2009; Pilkington et al. 2012; Rahimi et al. 2011, 2014;
Di Matteo et al. 2013; Kubryk et al. 2013; Minchev et al.
2013; Sanchez-Blazquez et al. 2014; Minchev et al. 2014).
The increased scatter is seen in observations collected from
the Geneva Copenhagen Survey (Nordstro¨m et al. 2004;
Holmberg et al. 2009), which revealed that the metallicity
distribution function in the solar neighbourhood is broader
for older stars than for the younger stars (Haywood 2008;
Casagrande et al. 2011). Hence, as a result of radial mi-
gration, a large scatter is introduced in the age-metallicity
relation at a given radius, and it also introduces additional
uncertainty in galaxy assembly scenarios such as the
formation of thick discs (Abadi et al. 2003; Brook et al.
2004; Villalobos & Helmi 2008; Bournaud et al. 2009;
Brook et al. 2012; Minchev et al. 2012; Rosˇkar et al. 2013;
Bovy et al. 2012; Brook et al. 2013; Vera-Ciro et al. 2014).
In addition to the stellar component, gas is also sub-
ject to the gravity of the spiral arms and therefore to radial
migration. Because the interstellar medium determines the
metallicity distribution of young and newborn stars, the evo-
lution of the gas component plays an important role in the
overall evolution of the disc. However, there are few stud-
ies of the chemo-dynamical evolution of the gas component
with respect to radial migration. Minchev et al. (2014) mod-
elled the chemical evolution of a Milky Way-like simulated
disc by combining cosmological numerical simulations with
a semi-analytic chemical evolution model. They found that
the radial migration of gas had little effect on the radial
metallicity gradient.
In this paper, we aim to complement and build upon
previous studies. We examine the evolution of both star and
gas particles in a simulation of a Milky Way-sized galaxy
in an isolated setting with self-consistent chemo-dynamical
evolution. We focus on the effects of radial migration coupled
with the chemical evolution on the metallicity distribution
and the radial metallicity gradient of the stars and gas.
This paper is organised as follows. In section 2, we de-
scribe the numerical code and the simulated galaxy. In sec-
tion 3, we describe the evolution of the star and gas ra-
dial metallicity distribution and the metallicity distribution
function, and discuss the results. In section 4, we summarise
our findings.
2 SIMULATION
2.1 Numerical simulation code
We use a N-body smoothed particle hydrodynamics (SPH)
code, GCD+, which simulates galaxy formation and galac-
tic chemo-dynamical evolution (Kawata & Gibson 2003;
Rahimi & Kawata 2012; Barnes et al. 2012; Kawata et al.
2013, 2014). The code is based on the SPH method de-
scribed in Lucy (1977); Gingold & Monaghan (1977), and
includes self-gravity, hydrodynamics, radiative cooling, star
formation, supernovae (SNe) feedback and metal enrichment
and diffusion (Greif et al. 2009). The hydrodynamics calcu-
lation employs the adaptive softening length scheme sug-
gested by Price & Monaghan (2007). GCD+ uses the arti-
ficial viscosity switch used by Morris & Monaghan (1997)
and artificial thermal conductivity in order to resolve the
Kelvin-Helmholtz instability (see Price 2008; Read et al.
2010; Hopkins 2013; Saitoh & Makino 2013). The code in-
tegrates the entropy equation (Springel & Hernquist 2002)
as well as the hydrodynamical equations. The code adopts
the individual time-step limiter (Saitoh & Makino 2009)
which is necessary in order to correctly resolve the expan-
sion of SNe-blown bubbles. The FAST integration scheme
(Saitoh & Makino 2010) is implemented, which increases the
calculation speed of the equations of motion by using differ-
ent time-steps to integrate hydrodynamics and gravity.
Radiative cooling and heating are calculated us-
ing CLOUDY (Ferland et al. 1998; Robertson & Kravtsov
2008). The cooling and heating rates and the mean molec-
ular weight are tabulated as a function of metallicity, den-
sity and temperature using the Haardt & Madau (1996) UV
background radiation. A gas density threshold is employed
to control the star formation rate: gas particles that exceed
the threshold and are in a region of convergent velocity may
change to star particles according to a probability weighted
by the particle density. The details of the star formation and
feedback recipe are fully described in Kawata et al. (2014).
Each star particle in the simulation is assigned to a
mass group according to a Salpeter initial mass function
(Salpeter 1955). As described in Rahimi & Kawata (2012)
and Kawata et al. (2014), star particles may (depending on
the age of the star particle) change to feedback particles,
which are responsible for the metal enrichment from su-
pernova Type II and Ia tabulated from Woosley & Weaver
(1995) and Iwamoto et al. (1999) respectively. The metals
from supernovae are deposited in only the feedback parti-
cles.
In addition to metal enrichment of feedback particles,
metal diffusion between gas particles is modelled following
the scheme outlined by Greif et al. (2009). In this scheme,
the rate of change of the mass of each metal, mZ,i, is de-
scribed by the diffusion equation,
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dmZ
dt
=
1
ρ
∇ · (D∇mZ). (1)
In the SPH scheme, the evolution of the metallicity for the
i-th particle is calculated from the discrete summation over
all neighbour particles within the smoothing length,
dmZ,i
dt
=
∑
j
Kij(mZ,i −mZ,j), (2)
where
Kij =
mj
ρiρj
4DiDj
(Di +Dj)
(ri − rj) · ∇iWij
|ri − rj |2
, (3)
where m is the particle mass, ρ is the density, ri − rj is
the vector distance between the i-th and j-th particles and
Wij is the SPH kernel. The diffusion coefficient of the i-th
particle is given by
Di = ρihi
√
1
Nnb
∑
j
|vi − vj |2, (4)
where hi is the smoothing length, Nnb is the number of
neighbour particles within hi and the square root term is the
velocity dispersion evaluated for the i-th particle. Equation
(2) is evaluated for every gas particle in the simulation, and
is numerically integrated over the same time-steps as the
dynamical time-step in the simulation.
2.2 Simulation
The simulated Milky Way-sized galaxy analysed in this pa-
per is the same as that presented in Kawata et al. (2014).
The galaxy is set up in isolated conditions, and con-
sists of a gas and stellar disc with no bulge component.
The discs are embedded in a static dark matter halo
potential (Rahimi & Kawata 2012; Hunt & Kawata 2013;
Kawata et al. 2014). The total mass of the dark matter
halo is Mdm = 2.5 × 10
12 M⊙, and the dark matter den-
sity follows the Navarro-Frenk-White (NFW) density pro-
file (Navarro et al. 1997), with a concentration parameter
of c = 10. The stellar disc is assumed to follow an ex-
ponential surface density profile with the initial mass of
Md,∗ = 4.0 × 10
10 M⊙, a radial scale length of Rd,∗ = 2.5
kpc and a scale height of zd,∗ = 350 pc. The gas disc is
set up following the method of Springel (2005), and follows
an exponential surface density profile with a scale length,
Rd,g = 8.0 kpc. The total gas mass is 1.0 × 10
10 M⊙. The
simulation comprises N = 1× 106 gas particles and 4× 106
star particles; therefore each particle has a mass of 10, 000
M⊙. The resolution is sufficient to minimise numerical heat-
ing from Poisson noise (Fujii et al. 2011; Sellwood 2013).
We apply a minimum softening length of 158 pc (Plummer
equivalent softening length of 53 pc) with the spline soften-
ing and variable softening length for gas particles suggested
by Price & Monaghan (2007).
The initial radial profile of the mean metallicity of stars
and gas is set by
Figure 1. A snapshot of the star (left) and gas (right) distribu-
tion at t = 1.0 Gyr. The upper (lower) panels show the face-on
(side-on) view respectively.
[Fe/H](R) = 0.2 − 0.05
(
R
1kpc
)
. (5)
The metallicity distribution function at each radius is cen-
tred on the mean metallicity value with the dispersion set
to a Gaussian distribution of 0.05 dex for the gas and 0.2
dex for the stars.
3 RESULTS
The focus of this paper is the chemo-dynamical evolution of
the gas and stellar disc, specifically the effects of radial mi-
gration on the metal distribution. In order to analyse these
effects clearly, we focus on the period of evolution between
t = 0.5 and 1.0 Gyr. This period comes after much of the
vigorous bar formation that takes place in the first 0.5 Gyr
of the evolution, during which mass re-distribution leads to
changes in the angular momentum profile of the system. By
avoiding this unstable period, we are able to minimise the
influence of angular momentum redistribution on the disc
evolution, and focus on the effect of radial migration from
the non-axisymmetric structures. We follow the evolution to
1.0 Gyr, because the consumption of gas from star forma-
tion and our simple numerical setting of no gas infall leads
to very little star formation after 1.0 Gyr. Fig. 1 shows a
snapshot of the simulated galaxy at t = 1.0 Gyr.
3.1 Radial migration of stars and gas
The bar and spiral arms have been shown in many previous
studies to induce angular momentum changes of star parti-
cles (see Sellwood 2014; Dobbs & Baba 2014, for recent re-
views). The left panel of Fig. 2 shows the angular momentum
change, ∆Lz, of all the star particles between the 0.5 Gyr
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Figure 2. The angular momentum change of all star particles (left) and all gas particles (right) between t = 0.5 and 1.0 Gyr, as a
function of their angular momentum value at t = 0.5 Gyr.
Figure 3. The radii at t = 0.5 of all star particles (left) and all gas particles that did not turn into star particles between t = 0.5 and
1.0 Gyr (right) plotted as a function of their radii at 1.0 Gyr. The colours represent the particle number normalised to the total star and
gas particle number within R = 13 kpc, respectively. The solid line indicates the Rt=0.5 = Rt=1.0 relation.
and 1.0 Gyr time-steps as a function of their angular mo-
mentum, Lz,ini, at 0.5 Gyr. The broad swathes of non-zero
∆Lz that cover all angular momentum values (therefore, all
radii) indicate that radial migration occurs at all radii of the
disc. The significant radial migration that occurs over short
time periods has been reported in our previous studies in
which the spiral arms were found to co-rotate with the star
particles (Grand et al. 2012a,b, 2014). Therefore although
we follow here only a relatively short period of evolution,
this is still sufficient to study the effect of radial migration.
The right panel of Fig. 2 shows the same as the left
panel for the gas particles. A broad distribution similar to
that of the star particles is seen, which confirms that the gas
particles also radially migrate at all radii as a consequence
of their interaction with the spiral arms and bar. The figure
plots only those gas particles that existed at both t = 0.5 and
1.0 Gyr: gas particles that existed at t = 0.5 Gyr and turned
into star particles before t = 1.0 Gyr are not plotted. The
paucity of gas particles at low values of Lz,ini is caused by
the more rapid star formation that follows from the high gas
density in the central region of the disc; therefore very few
low angular momentum gas particles survive until t = 1.0
Gyr. This reasoning explains also the high density of gas
particles at large values of Lz,ini.
The changes in radius for star and gas particles between
t = 0.5 and 1.0 Gyr are quantified in Fig. 3, which shows
the “initial” radius at t = 0.5 Gyr plotted against the “fi-
nal” radius at t = 1.0 Gyr for all star particles (left panel)
and the gas particles that did not change to star particles
within this period (right panel). The wide-spread distribu-
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Figure 4. Smoothed density map of the gas in 2D polar coordi-
nates at t = 0.7 Gyr. The rotation direction is from right to left.
The mean velocity field of the gas is shown by the arrows. The
arrows in the bottom-left corner of the figure show the 20 km s−1
vectors in both coordinates.
tions around the one to one relation (solid line) highlight
large changes in particle radius over time that cannot be ex-
plained by epicycle motion alone (e.g. Rosˇkar et al. 2008).
The degree of spread in the initial-final radius distribution
of the gas particles (right panel) is similar to that of the
star particles (left panel), though the dearth of gas particles
at lower initial radii (or lower angular momentum as shown
in Fig. 2) reveals an asymmetry in the diagram that is not
present for the stars.
A striking feature of radial migration around co-
rotating spiral arms is that significant non-zero mean radial
motion is evident at all radii. Fig. 4 shows the face-on gas
density map and the mean velocity field in the R − θ plane
at t = 0.7 Gyr. Particularly clear around the spiral arm lo-
cated between 20 and 100 degrees, the arrows indicate that
the mean velocity of the gas behind the spiral arm is di-
rected away from the galactic centre, over the whole range
of the spiral arm. The opposite is true for gas located in front
of the spiral arm. Qualitatively similar (though less strong)
systematic motion is present in the stellar component, and
is consistent with the large changes in angular momentum
over all radii as shown in Fig. 2. This systematic streaming
motion is a feature of co-rotating spiral arms that can be
observationally tested by Gaia (e.g. Kawata et al. 2014).
Having established that radial migration occurs for both
the star and gas particles, we now examine the effect of radial
migration on the radial metallicity distribution (RMD) of
both discs.
3.2 Evolution of the stellar RMD
To illustrate the effect of radial migration on the stellar
RMD, we plot in Fig. 5 the RMD of all star particles at
t = 0.5 Gyr (left panel) and at t = 1.0 Gyr (right panel).
The distribution is broader at t = 1.0 Gyr than at t = 0.5
Gyr, although the broadening effect of radial migration is
difficult to see because much of the broadening has already
taken place in the first 0.5 Gyr of evolution when the bar
forms.
To illustrate more clearly the effect of radial migration
on the RMD, at t = 0.5 Gyr we reset the RMD to the ini-
tial RMD, i.e., the metallicity values of all star particles are
re-assigned to a Gaussian distribution (of 0.05 dex disper-
sion) at each radius with a mean metallicity value given by
a metallicity gradient of −0.05 dex/kpc (in the same way
as shown in Fig. 13 of Grand et al. 2014). The resulting
RMD is shown in the left panel of Fig. 6. The right panel
of Fig. 6 shows the RMD of all star particles at t = 1.0
Gyr. The effects of radial migration on the RMD are now
much more clear: the RMD shows clear broadening at all
radii, while the radial metallicity gradient does not appear
to change. This effect has been reported in other models
presented in previous studies (e.g. Sellwood & Binney 2002;
Scho¨nrich & Binney 2009; Grand et al. 2014), and this con-
firms their findings.
3.3 Evolution of the gas RMD
In this section we examine the effects of radial migration
and chemical evolution on the evolution of the gas RMD.
The left panel of Fig. 7 shows the RMD of all gas parti-
cles at t = 0.5 Gyr that are still gas particles at t = 1.0
Gyr, which is clearly a narrow distribution around the mean
metallicity at each radius (marked by the dashed line). The
middle panel of Fig. 7 shows the RMD of the same gas par-
ticles at t = 1.0 Gyr. At each radius the gas metallicity is
higher than the mean metallicity of the gas at t = 0.5 Gyr,
which indicates that the gas metallicity has systematically
increased over time. Because the simulation presented in this
paper does not include infall of fresh metal poor gas from
the inter-galactic medium onto the disc, the gas mass in the
disc decreases with the time, and the metallicity of the gas
increases artificially rapidly by metal enrichment. The sys-
tematic increase of the metallicity is artificial because of our
numerical setup, and we cannot discuss the absolute value of
the RMD in this numerical experiment. Therefore, our dis-
cussion below focuses on the relative difference between the
gas and stellar RMD, and the dispersion of the gas RMD.
For comparison with the effect of radial migration only,
the right panel of Fig. 7 shows the same gas particles at
t = 1.0 Gyr with the metallicity values they possessed at
t = 0.5 Gyr, i.e., chemical evolution is stopped for all gas
particles after t = 0.5 Gyr. In contrast to the combined ef-
fects of radial migration and chemical evolution shown in the
middle panel, the RMD that results from radial migration
alone is broad. However, the RMD shows a bimodal distri-
bution in metallicity: one population around [Fe/H]∼ −0.1
and mainly distributed within R = 9 kpc, and another pop-
ulation around [Fe/H]= −0.4 and mainly distributed out-
side R = 8 kpc. The bimodal feature must be present at
t = 0.5 Gyr because the gas particles retain their respec-
tive t = 0.5 Gyr metallicity values in the right panel of Fig.
7. Although the gas at t = 0.5 Gyr appears to follow only
a single slope, the bimodal feature is revealed in Fig. 8, in
which we show the metallicity distribution function (MDF)
of stars that lie between R = 4 and 13 kpc at t = 0.5 Gyr
(solid black curve). Subsequent radial migration of the gas
particles stretches out the double peak feature in radius,
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Figure 5. The RMD of all stars at t = 0.5 Gyr (left) and all stars at t = 1.0 Gyr (right). The redder colours indicate regions of higher
number density.
Figure 6. The same as Fig. 5 except that the metallicity of all star particles at t = 0.5 Gyr is reset to the initial RMD set at t = 0 Gyr
(black dashed line). The radial metallicity gradient in both panels is very similar.
Figure 7. RMDs of gas particles that survive between 0.5 and 1.0 Gyr. Left: The RMD at t = 0.5 Gyr. Middle: The RMD at t = 1.0
Gyr. Right: The radial position of gas particles at t = 1.0 Gyr plotted with respect to their metallicity values at t = 0.5 Gyr. This
demonstrates the effect of radial migration only (i.e., no chemical evolution). The dashed line indicates the mean gas RMD at t = 0.5
Gyr.
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Figure 8. The metal distribution function of the gas within the
radial range of 4 < R < 13 kpc at t = 0.5 Gyr (black solid line)
and of the gas with metallicity distribution reset to follow the
t = 0.5 Gyr radial metallicity gradient of d[Fe/H]/dR= −0.0545
dex/kpc with a dispersion of 0.05 dex (blue dashed line).
which leads to the obvious bimodal feature in the t = 1.0
Gyr RMD if we ignore the chemical evolution of the gas.
The origin of the bimodal feature can be traced back to
t ∼ 0.3 Gyr when at bar is formed. The feature persists until
t ∼ 0.7 Gyr, after which times it disappears. Therefore we
attribute the origin of the feature to the bar formation in the
earlier epoch, and the bimodality at t = 0.5 Gyr is therefore
likely a relic of bar formation. During the bar formation,
gas at radii inside R ∼10 kpc falls into the central regions
of the disc (Martel et al. 2013), where chemical evolution
likely proceeds differently from the outer region.
To focus on the effect of radial migration, we follow the
procedure shown in Fig. 6: we reset the metallicity values
of the gas particles such that, at each radius, the metallicity
distribution function is set to a Gaussian distribtion with a
dispersion of 0.05 dex, and centred on the mean gas metal-
licity at t = 0.5 Gyr. As shown by the dashed-blue line in
Fig. 8, the MDF is smoothed and the bimodality is erased.
The RMD at t = 0.5 Gyr is shown in the left panel of Fig.
9. The right panel of Fig. 9 shows the resulting gas RMD
at t = 1.0 Gyr, in which no bimodal feature is observed. As
a result, the right panel of Fig. 9 shows qualitatively sim-
ilar evolution to the stars shown in the right panel of Fig.
6. This reinforces the broadening effect of radial migration
on the metallicity distribution of the disc. The difference be-
tween the middle panel of Fig. 7 and the right panel of Fig. 9
highlights that although gas radially migrates, the effect of
chemical evolution acts to preserve the narrow MDF at all
radii.
3.4 The metallicity distribution function
We now examine the consequences of the chemo-dynamical
evolution of the stars and gas on the RMD of the stars with
different ages. At t = 1.0 Gyr, we select star particles born
between 0.9 and 1.0 Gyr as a proxy for relatively younger
stars, and star particles born between 0.45 and 0.55 Gyr as
a proxy for a relatively older population of stars. We use
the labels “younger” and “older” to describe these star par-
ticle populations to highlight their relative age difference,
although both are young populations when considered with
the stellar content of the Milky Way. The left panel of Fig.
10 shows the RMD of the younger star particles at t = 1
Gyr. Because the younger population of stars forms from
the gas at around t = 1.0 Gyr, the metallicity distribu-
tion of the younger star particles is narrow and traces the
metallicity distribution of the gas at t = 1.0 Gyr. This is
qualitatively consistent with the observations reported in
Sa´nchez-Bla´zquez et al. (2009). The RMD at t = 1.0 Gyr of
the older star particles is shown in the right panel of Fig.
10. The RMD of this relatively older population is broader
than that of the younger population because once the star
particles are formed between 0.45 and 0.55 Gyr their metal
values do not change. The star particles are then subject to
radial migration, which increases the metallicity dispersion
at all radii in a similar way to the star particle RMD in
Fig. 6. We note that the two apparently distinct groups of
the older star particles, separated by the metallicity value
[Fe/H] = −0.3 dex, traces the gas metallicity distribution at
t = 0.5 Gyr. The two groups are therefore likely a relic of
bar formation, as discussed in the previous section.
As noted above, our simulation does not include infall
of fresh gas onto the disc, and the systematic increase in
the gas metallicity seen in the left panel of Fig. 7 is artifi-
cial. For example, the metal poor gas infall can lead to an
RMD that does not change with time owing to the mixing
of the metal poor infall gas with enriched disc gas, which
is a more realistic scenario than the systematic increase in
the gas metallicity. Therefore, we assume no systematic in-
crease in the gas RMD, and compare the MDF of stars with
different ages in this simulation by correcting the metallic-
ity of the younger star particles. To apply the correction we
subtract the difference in the mean metallicity of the gas at
t = 0.5 and 1.0 Gyr from the metallicity of the younger star
particles.
Fig. 11 shows the MDF, at t = 1.0 Gyr, of older star
particles born between 0.45-0.55 Gyr and the enrichment-
subtracted MDF of younger star particles born between 0.9-
1.0 Gyr and all gas (with the same metallicity correction
applied as the younger stars), at R = 8 kpc. At R = 8 kpc,
the mean metallicity of the gas and younger star population
at t = 1 Gyr is higher than the mean gas metallicity at
t = 0.5 Gyr by 0.15 and 0.125 dex respectively. Therefore,
we subtract 0.15 dex from the gas metallicity and 0.125 dex
from the younger star metallicity at t = 1 Gyr. The resulting
MDF of the younger stars matches well that of the gas. The
older star particle MDF (red) has a long metal-poor tail, and
is broader than that of the younger star particles (cyan).
Although we label these star populations as younger and
older, both are young relative to the stellar content of the
Milky Way. However, even within the < 1.0 Gyr population
of stars in the Milky Way there is an increase in the scatter
of [Fe/H] as a function of age similar to what is observed
in the solar neighbourhood (Casagrande et al. 2011), which
can be explained by the efficient radial migration in this
paper.
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Figure 9. As for the left and right panels of Fig. 7 after the MDF at each radius is reset to a Gaussian distribution at t = 0.5 Gyr. The
dashed line indicates the mean gas RMD at t = 0.5 Gyr.
Figure 10. Left: The RMD at t = 1.0 Gyr of stars that were born between 0.9 - 1.0 Gyr. Right: As for the left panel but for stars that
were born between 0.45 - 0.55 Gyr. The younger stars trace the RMD of the gas in the middle panel of Fig. 7, whereas the older stars
trace the RMD of the gas in the right panel of Fig. 7 (see text for details). The dashed line indicates the mean gas RMD at t = 0.5 Gyr.
3.5 What keeps the metal dispersion so tight?
We have shown above that despite the presence of radial
migration in both the stars and gas, the evolution of the
gas radial metallicity distribution is different from that of
the stars. The gas metallicity shows a tighter relationship
with the radius. At t = 1.0 Gyr the gas RMD has a slightly
steeper slope (d[Fe/H]/dR = −0.066) than that at t = 0.5
Gyr (d[Fe/H]/dR = −0.054). To elucidate which process
maintains the tightness of the gas RMD, we analyse the
metal evolution of migrator and non-migrator gas particles
that exist between t = 0.5 to 1.0 Gyr. The non-migrator
gas particles are defined as gas particles that have an an-
gular momentum change, ∆Lz < 20.0 kpc
2 Gyr−1 between
t = 0.5 and 1.0 Gyr, and the positive (+ve) and negative
(−ve) migrator particles are defined by ∆Lz > 830.0 and
∆Lz < −830.0 kpc
2 Gyr−1, respectively. The RMDs of all
gas particles, non-migrator gas particles and positive and
negative migrator gas particles at t = 0.5 Gyr are shown in
the top row of Fig. 12. Of course, all particle samples follow
the same narrow gas RMD with a negative radial metallicity
gradient.
To quantify the metal evolution of each sample of par-
ticles, we define ∆[Fe/H]i =[Fe/H]i(t = 1Gyr)−[Fe/H]i(t =
0.5Gyr) for each gas particle i that exists between t = 0.5
and 1.0 Gyr, and plot this quantity as a function of particle
radius at t = 1.0 Gyr for each particle sample in the second
row of Fig. 12. The general positive ∆[Fe/H]i of the total
gas distribution shown in the bottom-left panel indicates
that overall the gas is becoming more metal rich, which is
consistent with the systematic increase in [Fe/H] seen in the
middle panel of Fig. 7. The slight negative radial gradient
of ∆[Fe/H]i for all the gas particles is consistent with the
slight steepening of the slope of the gas RMD at t = 1 Gyr.
Note that if there is no change of the slope in the RMD, the
radial profile of ∆[Fe/H]i should be flat.
The bottom-second panel of Fig. 12 shows the metal
change of non-migrator particles. Because these gas parti-
cles orbit around the same guiding centres during the pe-
riod between 0.5 and 1.0 Gyr, the evolution of the RMD
is mainly driven by chemical enrichment. The ∆[Fe/H]i re-
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Figure 12. Top row: The RMD of all gas particles (left), non-migrator gas particles (second), positive migrator gas particles (third)
and negative migrator gas particles (right) at t = 0.5 Gyr. The group of gas particles plotted is indicated in each panel. Bottom row:
The value of ∆[Fe/H]i (described in the text) of the gas particle samples above, plotted as a function of particle radius at t = 1.0 Gyr.
Red colours indicate higher number density.
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Figure 11. Metallicity distributions at the R = 8 kpc radius of
stars and gas populations at the times indicated in the legend.
The MDF of the younger stars has been corrected according to
the amount of chemical enrichment occurring in the gas since
t = 0.5 Gyr.
lation with radius for the non-migrator gas particles shows
a tighter relation than that for all gas, and has a slightly
negative slope, which is caused by more metal enrichment
occurring in the inner disc. Note that without metal enrich-
ment or radial migration, the effect of metal diffusion will
be to flatten the gas radial metallicity gradient. This would
lead to a positive slope in the ∆[Fe/H]
i
relation with radius.
The bottom-third and -fourth panels of Fig. 12 show
the ∆[Fe/H]i for positive and negative migrator particles.
The positive migrators show an overall decrease in metallic-
ity in contrast to the chemically enriched non-migrator gas
particles. The difference in the mean ∆[Fe/H]i between the
positive and non-migrator populations indicates that metal
dilution has occurred in the positive migrator population.
The dilution occurs because the positive migrator particles
originate from the relatively more metal rich inner disc at
t = 0.5 Gyr (top-third panel of Fig. 12). As they migrate to
the outer radii where the gas is less metal rich, their metal
content is diluted as it diffuses into nearby relatively metal
poor gas in the outer disc.
Conversely, the negative migrators shown in the
bottom-right panel show an increase in their metallicity
larger than the amount that the non-migrator population
has been enriched. The larger increase in metallicity com-
pared to the non-migrator population is caused by the dif-
ference between their metallicity in the outer disc at t = 0.5
Gyr (top-right panel of Fig. 12) and the metallicity of the
non-migrators in the inner disc at t = 1.0 Gyr, in addition to
metal mixing which is necessary in order for the metal dis-
tribution to maintain a dispersion. The metal mixing effect
is approximately quantified by taking the difference between
the mean ∆[Fe/H]i value of the negative migrators and the
non-migrators.
At a given radius, we estimate the timescale of radial
metal mixing caused by radial migration from the increase
in the dispersion of the gas MDF between t = 0.5 and 1.0
Gyr, during which time all chemical evolution is stopped.
As shown in Fig. 9, the metallicity distribution of the gas at
t = 0.5 Gyr is reset to follow the radial metallicity gradient
with a Gaussian dispersion. We analyse the MDF evolution
at R = 6, 8 and 10 kpc. The radial mixing timescale ow-
ing to the radial migration is defined as the time taken for
the dispersion of the MDF to increase by a factor of two.
We find that the timescale is around 70 Myr at all radii.
Yang & Krumholz (2012) suggested that thermal instability
driven turbulent mixing can erase a metal inhomogeneity at
scales of order 1 kpc in a timescale of approximately 30 Myr.
Therefore, the local metal mixing in the gas from diffusion
can mitigate the metal inhomogeneity induced by the radial
migration of the gas as seen in our simulation.
It is therefore clear that chemical enrichment and metal
mixing maintain the tight relation in the gas RMD by com-
pensating the effects of radial migration that in general in-
crease the scatter in the metallicity distribution at all radii.
The mixing of metals provides a homogenising effect on the
RMD: the metallicity dispersion is kept narrow at all radii.
10 Grand et al.
The more rapid metal enrichment in the inner region ensures
the negative slope in the RMD.
4 CONCLUSIONS
We simulated the chemo-dynamical evolution of a stellar and
gas disc of an isolated barred-spiral galaxy, similar in size to
the Milky Way, and analysed the effect of radial migration
on the metal distribution in both components. The main
conclusions are as follows:
• The effect of stellar radial migration can be seen as
a broadening of the metallicity distribution function at all
radii. The RMD of all stars shows negligible change in metal-
licity gradient on the timescales studied in this paper.
• Gas particles experience also radial migration. However,
the MDF of the gas remains narrow at all radii. We examined
the amount that each gas particle changed in metallicity be-
tween 0.5 and 1.0 Gyr for a sample of positive, negative and
non-migrator gas particles. The metal evolution of the non-
migrator gas particles shows that the negative slope of the
RMD is maintained by more efficient metal enrichment in
the inner disc. The positive migrator gas particles generally
decreased in metallicity. This is because these gas particles
moved from the metal rich inner region into the metal poor
outer region, therefore their metals are diluted into neigh-
bouring particles. In contrast, gas particles that move from
the metal poor outer regions into the metal rich inner re-
gions (negative migrator gas particles) absorb metals from
their neighbouring gas particles. Metal mixing causes the
RMD to maintain a tight dispersion at all radii, whereas
more metal enrichment in the inner region helps to keep the
slope of the gas RMD negative.
• We found that the width of the stellar MDF in-
creases even in the short time scale of 0.5 Gyr, which is
consistent with observations of solar neighbourhood stars
(Casagrande et al. 2011).
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